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argeted inactivation of the Bmp7 gene in mouse leads to eye defects with late onset and variable penetrance (A. T. Dudley
et al., 1995, Genes Dev. 9, 2795–2807; G. Luo et al., 1995, Genes Dev. 9, 2808–2820). Here we report that the expressivity
f the Bmp7 mutant phenotype markedly increases in a C3H/He genetic background and that the phenotype implicates
mp7 in the early stages of lens development. Immunolocalization experiments show that BMP7 protein is present in the
ead ectoderm at the time of lens placode induction. Using an in vitro culture system, we demonstrate that addition of
MP7 antagonists during the period of lens placode induction inhibits lens formation, indicating a role for BMP7 in lens
lacode development. Next, to integrate Bmp7 into a developmental pathway controlling formation of the lens placode, we
examined the expression of several early lens placode-specific markers in Bmp7 mutant embryos. In these embryos, Pax6
ead ectoderm expression is lost just prior to the time when the lens placode should appear, while in Pax6-deficient
Sey/Sey) embryos, Bmp7 expression is maintained. These results could suggest a simple linear pathway in placode
nduction in which Bmp7 functions upstream of Pax6 and regulates lens placode induction. At odds with this interpretation,
owever, is the finding that expression of secreted Frizzled Related Protein-2 (sFRP-2), a component of the Wnt signaling
athway which is expressed in prospective lens placode, is absent in Sey/Sey embryos but initially present in Bmp7 mutants.
This suggests a different model in which Bmp7 function is required to maintain Pax6 expression after induction, during a
preplacodal stage of lens development. We conclude that Bmp7 is a critical component of the genetic mechanism(s)
controlling lens placode formation. © 1999 Academic Press
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Eye development in the mouse embryo begins at E8.5 of
gestation when the optic vesicle forms as an outpouching of
the forebrain. The optic vesicle subsequently comes in
contact with the ectoderm of the head at E9.5 and induces
a thickening of the ectoderm called the lens placode. The
lens placode invaginates and separates from the surround-
ing ectoderm to form a lens vesicle, and eventually the cells
of the lens vesicle differentiate into fiber cells characteristic
of the adult lens. Concomitantly, the optic vesicle folds
inward on itself, surrounding the lens vesicle and forming
the optic cup which will eventually comprise the neural
and pigmented layers of the adult retina (reviewed by Fini et
al., 1997).
Over the past century, numerous embryological experi-
ments have demonstrated the degree to which inductive
1 To whom correspondence should be addressed. Fax: (617) 738-
5575. E-mail: maas@rascal.med.harvard.edu.
176ignaling between the optic vesicle and the head ectoderm
lay a role in lens development (reviewed by Grainger,
992). Recent work in this field suggests that lens placode
nduction is only the last in a series of steps in which lens
ell identity is gradually established in the head ectoderm
Henry and Grainger, 1987; Grainger et al., 1997; Zygar et
l., 1998). However, little is known about the specific
ignals which coordinate the tissue interactions required
or proper lens formation. A full understanding of the
rocess of lens formation requires the identification of
xtracellular signals which allow communication between
issue layers during eye development and an elucidation of
ow these signals control cell identity.
One group of candidates for signaling factors which are
mportant in lens development are the bone morphogenetic
roteins (BMPs), a subset of the TGF-b superfamily of
growth factors. BMP proteins form soluble dimers which
are involved in autocrine and paracrine signaling during
development. Binding of BMPs induces the formation of
complexes of type I and type II receptors. Activated type II
0012-1606/99 $30.00
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177BMP7 and Lens Placode Developmentreceptors transphosphorylate type I receptors, which propa-
gate the signal to the nucleus via a family of structurally
related proteins known as Smads (reviewed by Massague´,
996). BMP signaling is involved in numerous developmen-
al processes, including patterning of the limb, neural tube,
ooth, kidney, and somites (reviewed by Hogan, 1996).
During the early stages of eye development, RNA encod-
ng BMP4 is expressed in the optic vesicle, and transcripts
or BMP7 are detected in the optic vesicle and the surface
ctoderm (Dudley and Robertson, 1997). decapentaplegic
dpp), a Drosophila homologue of Bmp-2/4 (Padgett et al.,
989), acts in both initiation and progression of eye devel-
pment (Chanut and Heberlein, 1997; Pignoni and Zipur-
ky, 1997a), while 60A, a fly homologue of Bmp7, acts as a
modifier of dpp function (Chen et al., 1998; Khalsa et al.,
998). In Xenopus development, overexpression of Smad8,
an antagonist of BMP signaling, causes eye defects ranging
from complete loss of eyes to formation of a cyclopic eye
(Nakayama et al., 1998). Addition of a BMP7-neutralizing
antibody to whole rat embryo cultures leads to reduced size
or absence of eyes (Solursh et al., 1996). Furthermore,
targeted mutations of Bmp7 in mouse affect eye develop-
ment, but do so with variable expressivity (Dudley et al.,
1995; Luo et al., 1995). Though Bmp7 mutant embryos
which exhibit failures in the early steps of lens induction
have been isolated, in the majority of cases, they show
phenotypes indicating a later developmental defect.
In more closely examining eye development in Bmp7
mutant embryos, we find that their phenotype is much
more severe when expressed in a C3H/He background than
in the 129/Sv inbred background in which the mutation
was originally characterized (Dudley et al., 1995). In a
C3H/He genetic background, the majority of embryos ex-
amined lack a lens placode, suggesting that BMP7 is re-
quired prior to lens placode formation. We show that the
BMP7 protein localizes to the head ectoderm, suggesting a
role in ectodermal patterning. In agreement with this find-
ing, inhibition of BMP7 signaling at the time of lens placode
induction significantly decreases the frequency of lens
formation in an organ culture system. We have examined
several markers of early lens placode formation in Bmp7
mutant embryos and found that their expression is affected
in a manner that serves to distinguish Bmp7- and Pax6-
dependent steps in lens development. Taken together, these
data place Bmp7 in the developmental pathway that regu-
lates early steps in murine lens induction.
MATERIALS AND METHODS
Mouse Strains
The Bmp7 targeted mutation used in these studies was originally
derived by Dudley et al. (1995) and maintained in a 129/Sv inbred
background. Bmp7 heterozygote mice in this background were
crossed to wild-type C3H/He animals (Harland). DNA from off-
spring was prepared from tails and genotyping was carried out as
described below. The 129/Sv 3 C3H/He Bmp7 heterozygote prog-
eny were bred with C3H/He wild-type mice, and the heterozygote
Copyright © 1999 by Academic Press. All rightF1 from this cross were mated to produce the first Bmp7 2/2
embryos. The mutation has been subsequently maintained by
mating Bmp7 heterozygote males to inbred C3H/He wild-type
emales. Analysis of the Bmp7 mutant phenotype was performed
fter at least five generations of backcrossing. We estimate the
egree of homozygosity at nonlinked loci in N5 C3H/He Bmp7/1
ice as 96.9%, using 1 2 (1/2N) where N is the number of
generations since the initial 129/Sv 3 C3H/He mating (Green,
1966).
Embryo Collection and Genotyping
Embryos were collected in cold PBS by standard methods. The
number of somites in each embryo was counted, and the embryos
were staged according to Theiler (1989). Note that C3H/He em-
bryos appear to be slightly delayed in their development, so that
13–20 somite embryos (E9.0 according to Theiler) were collected at
9.5 days after detection of vaginal plugs, where day 0.5 is noon on
the day of plug detection. Extra-embryonic membranes were col-
lected and digested at 50°C overnight in 100 mg/ml proteinase K in
00 mM Tris–HCl, pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl.
he lysates were then phenol/chloroform and chloroform extracted
nd EtOH precipitated for at least 30 min at 220°C. The pellets
ere resuspended in 100 ml H2O and 2 ml was used for each 50-ml
PCR (each reaction consisted of 10 pmol each primer, 13 PCR
uffer, 0.2 mM dNTPs, 1 U Taq DNA polymerase, H2O to 50 ml; for
Bmp7 genotyping, 5% formamide was also added). Reactions were
denatured for 5 min at 95°C, followed by 40 cycles of 95°C for 1
min, 60°C for 1 min, 72°C for 1.5 min, and one final extension
period of 7 min at 72°C. Sey samples were then digested with
HincII for 1 h at 37°C. The reactions were analyzed on a 2% agarose
gel. Primers for Bmp7 genotyping were as previously described
(Dudley et al., 1995) and yielded a 300-bp mutant band and a 150-bp
band for the wild type. The Pax6 primers for Sey genotyping are as
previously described (Xu et al., 1997) and yield 260- and 80-bp
ragments corresponding to the mutant allele and a 340-bp product
orresponding to the wild type.
Embedding and Histology
Samples for histology were fixed in Bouin’s fixative overnight at
4°C, washed several times in PBS, and dehydrated through a series
of 25, 50, 75, and 100% ethanol in H2O. To aid in visualization of
amples during sectioning, each was washed in 0.1% eosin Y
Sigma) in 100% EtOH, followed by several washes in 100% EtOH.
issues were washed in 50% EtOH/xylene, in 100% xylene, and
wice in Paraplast M (VWR) before being placed into embedding
olds. Sections were cut at 12 mm and placed overnight on a
warming rack. Slides were stained with hematoxylin/eosin by
standard methods and mounted in 1:1 methyl salicylate:Canada
balsam (Sigma).
In Situ Hybridization
Whole-mount in situ hybridization was performed as previously
described (Li, 1994) with the following changes: after rehydration
and three washes in PBS–Tween, the embryos were detergent
permeabilized with two washes of RIPA (150 mM NaCl, 1%
Nonidet-P40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA,
50 mM Tris, pH 8.0), followed by three washes in PBS–Tween.
Digestion with proteinase K was kept to a minimum, as extensive
digestion damages the surface ectoderm. Therefore, digestion was
carried out for 5 min at 37°C with 10 mg/ml proteinase K in
s of reproduction in any form reserved.
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178 Wawersik et al.PBS–Tween. Hybridization and washes were done at 58°C. Color
development was carried out overnight at 4°C. Embryos were then
fixed with 4% paraformaldehyde, washed several times in PBS, and
stored at 220°C in methanol. Whole mounts were embedded in a
solution of 30% BSA, 0.5% gelatin, 20% sucrose in PBS which had
been fixed with 25% glutaraldehyde (200 ml glutaraldehyde/2 ml
SA solution) and sectioned on a Leica vibrating microtome.
ections were mounted in 100% glycerol and viewed using Nomar-
ki optics. Radioactive in situ hybridizations were carried out as
reviously described (Lutz, 1994).
Immunohistochemistry
Embryos were collected in PBS and fixed for 3 h in 4% parafor-
maldehyde at 4°C, followed by three washes in PBS and overnight
incubation in 30% sucrose at 4°C. After embedding in OCT
compound, 10-mm sections were cut on a cryotome. Sections were
treated with 1 mg/ml hyaluronidase for 2 min at room temperature,
after which they were washed three times in PBS and then blocked
for 1 h in 10% goat serum, 0.1% Triton in PBS. Incubation with
BMP7-monoclonal antibody 1B12 (Solursh, 1996) was carried out
overnight in blocking serum at 4°C (20 mg/ml), followed by three
washes in PBS and labeling with a Cy3-conjugated secondary
antibody.
Optic Rudiment Culture
Sixteen- to twenty-four-somite embryos were collected in PBS
and the optic rudiments were dissected away using two tuberculin
needles. Each rudiment was cultured on Nuclepore filters or in
collagen gel (35% type I collagen in DMEM) submerged in defined
medium (13 DMEM, 10 mg/ml insulin, 5.5 mg/ml transferrin, 0.67
mg/ml selenium, 5 mg/ml vitamin C, 10 mg/ml vitamin E, 50 U/ml
enicillin, 50 mg/ml streptomycin). Culture medium was changed
after the first 24 h and every 48 h thereafter. Rudiments were
cultured for 4–7 days, then collected for histology, RT-PCR, or
whole-mount in situ hybridization. Recombinant follistatin was
obtained through NHPP, through NIDDK, and from Dr. A. F.
Parlow. BMP7-neutralizing antibody was a gift from Dr. K. Sam-
path, Creative Biomolecules (Hopkinton, MA).
RESULTS
Increased Expressivity of the Bmp7 2/2 Phenotype
n a C3H/He Genetic Background
At E10.5 in wild-type embryos, the lens placode has
formed and begun to invaginate to produce a lens pit (see
Fig. 1C). In a 129/Sv background, 50% (n 5 10) of develop-
ng Bmp7 mutant eyes were comparable to wild type,
xhibiting an invaginating lens vesicle (Table 1). Thirty
ercent of Bmp7 mutant eyes examined in 129/Sv embryos
ad an invaginating lens vesicle which was markedly re-
uced in size, while only the remaining 20% of Bmp7
utant eyes in a 129/Sv inbred background were without a
ens placode or vesicle. In contrast, in Bmp7 homozygous
mbryos in the C3H/He background, none of the lens
esicles examined (n 5 34) had a normal appearance, and
nly 9% had even a reduced vesicle. The majority (91%) of
mp7 mutant embryos examined were without a lens
lacode or vesicle. In addition to enhanced eye defects, p
Copyright © 1999 by Academic Press. All rightpproximately 65% of Bmp7 mutant embryos in the
3H/He background exhibit exencephaly, consistent with
ecent reports suggesting a role for BMPs in forebrain
FIG. 1. Bmp7 2/2 embryos exhibit defective lens placode formation
n a C3H/He genetic background. At E9.5, prior to lens placode
ormation, little difference can be detected in eye development be-
ween wild type (A) and Bmp7 2/2 (B), as both exhibit a well-formed
ptic vesicle (ov) which contacts head ectoderm (arrows). In E10.5
ild-type embryos (C), the lens placode (lp) has begun to invaginate
nd the optic cup (oc) has started to form. No placode is visible in the
mp7 2/2 eye-forming region (D) and the optic cup fails to form as
he optic vesicle appears to have arrested its development (ov). A
ell-formed optic cup (oc) and a lens exhibiting characteristic fiber
ell differentiation (lens) are present in the E11.5 wild-type developing
ye (E). No comparable lens structure is apparent in the Bmp7 2/2
ctoderm (arrows) (F). Scale bar, 40 mm.atterning (Furuta et al., 1997). These results indicate the
s of reproduction in any form reserved.
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179BMP7 and Lens Placode Developmentexistence of modifier loci in C3H/He that significantly
enhance the severity of the Bmp7 mutant phenotype.
3H/He thus provides a favorable background in which to
xamine the role of BMP7 in early lens development.
At E9.5, prior to lens placode formation, histological
xamination shows that the developing eye appears to be
ormal in Bmp7 mutant embryos, with an optic vesicle
hich contacts the surface ectoderm of the head (Figs. 1A
nd 1B). However, by E10.5, when an invaginating placode
s present in wild-type eyes (lp, Fig. 1C), no placodal
tructure is visible in the Bmp7 mutant head ectoderm
arrows, Fig. 1D). Additionally, the optic cup fails to form in
omozygote embryos, with the thickened neural layer
otably absent. By E11.5, the wild-type lens has begun to
orm the fiber cells characteristic of the crystalline lens and
s surrounded by a bilayered optic cup (Fig. 1E). In the Bmp7
utant, however, no lentoid structure is present and, as at
TABLE 1
Eye Phenotype in Bmp7 2/2 Embryos Depends
on Genetic Background
Genetic
background
No. eyes
examined
No. w/lens
vesicle
No. w/reduced
vesicle
No. without
placode or
vesicle
129/Sv 10 5 (50%) 3 (30%) 2 (20%)
C3H/He 34 0 (0%) 3 (9%) 31 (91%)
Note. E10.5 Bmp7 2/2 embryos were sectioned and stained with
ematoxylin/eosin and scored for the presence of a lens vesicle, a
educed lens vesicle, or the absence of vesicle or placode. Embryos
hich exhibited a lens vesicle which was at least 60% smaller than
ild-type were scored as reduced vesicle. The difference in pheno-
ype distribution between 129/Sv and C3H/He is statistically
ignificant by x2 test (5 24.72) at a level of P , 0.002.
FIG. 2. Bmp7 protein is expressed in the ectoderm of the developi
primarily in the extracellular space of the head ectoderm at E9.5 (A,
and in dorsal and ventral optic vesicle (arrows). (B) By E10.5, BMP7
surrounding ectoderm, but not in the optic cup (oc). (C) After form
dorsal to the vesicle, but not detected in the oc or in the lv. Scale bar,
Copyright © 1999 by Academic Press. All right10.5, the optic vesicle fails to exhibit any of the morpho-
ogical characteristics of neural retina or optic cup forma-
ion (Fig. 1F). These results suggest that the defect in lens
evelopment in Bmp7 mutant embryos results from a
ailure in lens placode development.
BMP7 Protein Localizes to the Head Ectoderm
during Lens Formation
To determine where BMP7 protein is located during eye
development, we performed immunostaining on wild-type
embryos using a monoclonal antibody specific for BMP7
(Solursh et al., 1996; Vukicevic et al., 1994). Identical
esults were obtained using an anti-BMP7 polyclonal anti-
ody (data not shown). At E9.5, before appearance of the
ens placode, BMP7 protein localizes to the head ectoderm
nd the directly adjacent mesenchymal cells (Fig. 2A).
ignal is also detectable in dorsal and ventral regions of the
ptic vesicle at this stage (arrows). By E10.5, BMP7 immu-
ostaining is no longer present in the mesenchyme or optic
up, and the protein is detected exclusively in the head
ctoderm and its derivative, the invaginating lens placode
Fig. 2B). The invaginating placode begins to separate from
he surrounding ectoderm at E11.0 to form the lens vesicle.
ith the exception of a few cells within the vesicle, BMP7
rotein is excluded from this structure as it forms (Fig. 2C).
he bulk of BMP7 immunostaining in the eye-forming re-
ion at this stage is detected in the head ectoderm
mmediately dorsal to the lens vesicle (arrowheads). The
MP7 protein distribution pattern is very similar to the
NA expression pattern of the Bmp7 gene (Dudley and
obertson, 1997) (Fig. 6 and data not shown), suggesting
ittle diffusion of the BMP7 protein after it is secreted into
xtracellular space. From these results, we conclude that
MP7 is present in the head ectoderm during lens induc-
ion.
e. Immunohistochemistry indicates that BMP7 protein is detected
heads). Some protein is also detected in the perioptic mesenchyme
in is detected exclusively in the invaginating lens placode (lp) and
n of the lens vesicle (lv), protein is detected in the head ectodermng ey
arrow
prote
atio40 mm.
s of reproduction in any form reserved.
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180 Wawersik et al.Addition of BMP7 Antagonists to Cultured Optic
Rudiments Inhibits Lens Development
To determine whether BMP7 functions during the time of
lens placode formation, we established an in vitro culture
ystem for mouse lens development. This system allows
he manipulation of the optic rudiment by addition of
xogenous growth factors or inhibitors of extracellular
ignals. Figure 3A outlines the procedure, in which the
ye-forming regions from 16- to 24-somite embryos at the
replacode stage of lens development are dissected away,
laced into culture in a collagen gel or Nuclepore filter, and
athed in a chemically defined medium (see Materials and
ethods). After culture for several days, the optic rudi-
ents are collected and examined histologically or with
arkers for the presence of a lens. Rudiments are scored as
ens positive when they exhibit an eosinophilic lentoid
tructure with morphologically distinct lens fiber cells (Fig.
B). Some cultures were also subjected to in situ hybridiza-
ion with a Pax6-specific probe. As shown in Fig. 3C, Pax6
s detected in the inner layer of the optic cup and in the
pithelial layer of the developed lens (arrows), suggesting
ormal expression of Pax6 in cultured optic rudiments.
Follistatin is a secreted monomeric protein which binds
nd inhibits the signaling activity of activin (Kogawa et al.,
991) and can also inhibit BMP7 with somewhat lower
ffinity (Yamashita et al., 1995). We tested whether addi-
ion of 500 ng/ml follistatin to organ culture media could
nhibit the formation of lenses in our organ culture system.
s shown in Table 2, after 5 days in culture, lenses formed
n 59% of control-treated cultures (n 5 29) while only 21%
f follistatin-treated cultures possessed a distinct lens (n 5
8), a difference which is statistically significant by x2 test
x2 5 6.73, P , 0.01). Thus, exposure of developing optic
udiments to follistatin, an inhibitor of BMP7 signaling,
ecreases their ability to form lenses in culture.
Since follistatin inhibits activin signaling as well as that
y BMP7, we also tested whether the inhibition of lens
ormation by follistatin is BMP7-specific. We added a
MP7-neutralizing antibody (Dale et al., 1997; Solursh et
l., 1996) to culture medium at a concentration of 75 mg/ml
nd used this medium to culture optic rudiments for 6 days.
ontrol rudiments were treated with an equivalent concen-
ration of rat IgG, and these rudiments formed lenses in
7% of the cases (n 5 36). In contrast, only 21% (n 5 33) of
antibody-treated rudiments developed lentoid structures,
indicating that the presence of a BMP7-neutralizing anti-
body inhibits lens formation in optic rudiment cultures (x2
5 4.04, P , 0.05). Inhibition of lens formation using either
ollistatin or the BMP7-neutralizing antibody is comparable
o that seen in cultured rudiments from Bmp7 mutant
mbryos, in which 2 of 11 (18%) rudiments cultured formed
enses. These data show that antagonism of BMP7 signaling
uring the period in which the placode is being induced
nhibits lens formation, suggesting that BMP7 acts during
ens placode development.
Copyright © 1999 by Academic Press. All rightExpression of Early Eye-Specific Markers Suggests
a Role for BMP7 in Ectodermal Patterning during
Lens Placode Development
To examine the Bmp7 mutant eye phenotype in more
detail, we compared the expression of three early eye-
specific markers in wild-type and mutant embryos (Fig. 4).
The TRP2 gene codes for a tyrosinase protein which is a
marker of migratory melanoblasts and presumptive retinal
pigmented epithelium (RPE) (Steel et al., 1992). In order to
test whether the Bmp7 mutant optic vesicle expresses
markers indicative of RPE formation despite its failure to
form an optic cup, we examined the expression of TRP2. In
wild-type eyes at E10.5, the expression of TRP2 is restricted
to the outer, RPE layer of the optic cup (arrows, Fig. 4A).
TRP2 RNA is preserved in the Bmp7 mutant eye, and
expression is restricted to a discrete region in the dorsal half
of the optic vesicle remnant (arrows, Fig. 4B). These data
suggest that early development of the RPE layer in the optic
vesicle is not substantially disturbed in Bmp7 mutant
embryos, despite the failure of this structure to form an
optic cup. We also examined the expression of the LIM
homeobox transcription factor Lhx2 (Xu et al., 1993) in
Bmp7 mutant embryos. Targeted mutation of Lhx2 leads to
an arrest in eye development prior to formation of lens or
optic cup (Porter et al., 1997), similar to the phenotype in
Bmp7 mutants. In wild-type embryos, expression of Lhx2 in
the eye is limited to the optic cup with only background
signal detected in the invaginating lens vesicle. In Bmp7
mutant embryos, Lhx2 transcripts remain in the optic
vesicle and stalk, indicating that Lhx2 expression is not
dependent upon BMP7 signaling (data not shown).
To investigate the patterning of the presumptive lens-
forming region prior to placode formation in Bmp7 mutant
embryos, we have examined the expression of the gene
coding for the HMG-domain-containing DNA binding pro-
tein SOX2 (Denny et al., 1992). SOX2 is part of a larger
complex of proteins which is essential for lens-specific
promoter activity of d- and g-crystallins in chicken (Kama-
hi et al., 1995). At the time of induction, the Sox2 gene is
xpressed in the presumptive lens placodal ectoderm prior
o formation of the placode itself (Fig. 4E), and this expres-
ion is dependent on apposition with the optic vesicle for its
nitiation (Kamachi et al., 1998). Furthermore, in Pax6
utant Small eye (Sey) embryos, in which the lens placode
ails to form, Sox2 expression is not detected in the pre-
umptive placodal ectoderm at E8.5 and at E9.0–9.5 (data
ot shown). These findings suggest that Sox2 is a marker of
arly lens induction. The ectodermal expression of Sox2
rior to lens placode formation also implies the existence of
preplacodal stage of lens development in which activation
f lens-specific genes has taken place, but ectodermal
hickening has not yet begun. In the Bmp7 mutant eye at
9.0, Sox2 expression is absent from the presumptive lens
placode (Fig. 4F), although it is present at other sites in the
embryo (data not shown). This implies that the arrest in eye
development in Bmp7 2/2 embryos occurs prior to activa-
tion of Sox2 expression in the preplacode.
s of reproduction in any form reserved.
181BMP7 and Lens Placode DevelopmentFIG. 3. (Top) In vitro culture of mouse optic rudiments. (A) Schematic outlining the organ culture method used to assay lens formation (see
Materials and Methods). (B) Hematoxylin/eosin staining of a wild-type optic rudiment cultured for 5 days. The lens is clearly visible (lens) and
the epithelial layer is evidenced by hematoxylin-staining nuclei (arrowheads). (C) An optic rudiment which has been cultured for 5 days and
hybridized to detect Pax6 RNA. Expression of Pax6 is detected in the epithelial layer of the lens and in the optic cup (oc). Scale bar, 40 mm.
FIG. 4. (Bottom) Expression of eye-specific markers in Bmp7 2/2 embryos. RNA coding for TRP2 is detected in the pigment epithelial
layer of the wild-type optic cup at E10.5 (A) and is preserved in the Bmp7 mutant (B). Expression of Sox2 is restricted to the presumptive
lens placode prior to thickening of the placodal ectoderm and to the apposed region of the optic vesicle (C). In Bmp7 2/2 embryos, neither
the ectodermal nor the optic vesicle expression of Sox2 is detected (D). Scale bar, 40 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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182 Wawersik et al.Pax6 Expression in the Lens Placode Requires
BMP7
Pax6 mutant Small eye mice fail to induce lens and nasal
lacodes (Hogan et al., 1986), and further experiments have
hown that the initial role for Pax6 in lens induction resides
n the head ectoderm (Fujiwara et al., 1994). Given the early
tage at which BMP7 appears to be required for normal eye
ormation and the failure of lens placode formation in both
mp7 2/2 and Sey/Sey embryos, we asked whether the role
f BMP7 in lens placode development might be upstream of
ax6. Expression of Pax6 is detected in a broad domain of
he head ectoderm and in the optic vesicle at E8.0–8.5 of
ouse development (Grindley et al., 1995), a pattern which
s preserved in the Bmp7 mutant (compare Figs. 5A and 5B).
t the time of placode formation (E9.5), Pax6 ectodermal
xpression in the eye becomes limited to the lens placode-
orming region (Fig. 5C, arrows). Though the expression of
ax6 remains in the Bmp7 mutant optic vesicle at this
tage, transcripts can no longer be detected in the mutant
ctoderm (Fig. 5D). By E10.5, when Pax6 in the wild-type
ye continues to be expressed in both the lens vesicle and
he optic cup, Pax6 transcripts are not detected in the Bmp7
utant eye (Figs. 5E and 5F). Normal expression of Pax6 is
aintained, however, at other sites in E10.5 Bmp7 mutant
mbryos, including the spinal cord, forebrain, and pancre-
tic buds (data not shown). These results indicate that
MP7 signaling is necessary for maintenance of ectodermal
TABLE 2
Addition of BMP7 Inhibitors Affects Lens Development in
Cultured Optic Rudiments
No. lenses
formed
No. no
lenses
formed
Total
cultured
Inhibition with follistatin
Control (carrier) 17 (59%) 12 (41%) 29
Follistatin (500 ng/ml) 6 (21%) 22 (79%) 28
Inhibition with aBMP7
Control (IgG 75 mg/ml) 17 (47%) 19 (53%) 36
aBMP7 (75 mg/ml) 7 (21%) 26 (79%) 33
Lens development in:
1/1 rudiment 18 (72%) 7 (28%) 25
Bmp7 2/2 rudiment 2 (18%) 9 (81%) 11
Note. Rudiments were cultured in defined media for 5 days, fixed
in Bouin’s solution, sectioned, and stained with hematoxylin/
eosin. Cultures were scored as positive when they exhibited clearly
differentiated lens fibers. Addition of 500 ng/ml follistatin (see
Materials and Methods) to cultured rudiments inhibited lens
formation compared to carrier-treated controls (x2 5 6.73, P ,
0.01). Addition of BMP7-neutralizing antibody inhibits lens forma-
tion compared to IgG treated controls (x2 5 4.04, P , 0.05). The
number of lenses which form in inhibitor-treated cultures is
similar to the percentages seen in cultured Bmp7 2/2 optic
rudiments.ax6 expression in the eye, but not for its initial induction.
Copyright © 1999 by Academic Press. All rightSince Pax6 functions early in a genetic hierarchy regulat-
ng lens development, we also tested whether Pax6 might
egulate the expression of Bmp7 in the developing eye. As
ig. 6 shows, Bmp7 is expressed in the optic vesicle and in
he head ectoderm in both wild-type and Sey embryos at
9.0 (Figs. 6A and 6B). Consistent with the BMP7 protein
istribution pattern, at E10.0 Bmp7 expression is detected
hroughout the head ectoderm and in the lens placode (Fig.
C). In the Sey/Sey eye, Bmp7 ectodermal expression is
resent (Fig. 6D). However, in addition to the normal Bmp7
xpression pattern at this stage, ectopic expression is de-
ected in the mesenchyme subjacent to the ectoderm. From
hese data, we conclude that Pax6 is not required for
ctivation of the Bmp7 gene.
sFRP-2 Expression in the Lens Placode Separates
Pax6- and Bmp7-Dependent Steps of Preplacode
Development
In addition to the markers described above, we examined
the expression of a secreted Frizzled-related protein known
as sFRP-2 (Rattner et al., 1997). sFRP-2 is one of a family of
secreted proteins expressed in a number of developing
organs (Leimeister et al., 1998) which can bind to Wnt
roteins and modulate their signaling (Rattner et al., 1997;
alic et al., 1998). We find that sFRP-2 expression is lost
from a number of sites in Sey/Sey embryos at which Pax6
and sFRP-2 are coexpressed during early development.
While sFRP-2 expression is unaffected in the Sey/Sey hind-
brain (data not shown) and mesonephros (Fig. 7B, mn),
transcripts are not detected in mutant spinal cord (Figs. 7A
and 7B), eye (Figs. 7D and 7E), and forebrain (not shown), all
three of which are affected in Sey/Sey embryos. The fact
that sFRP-2 expression is lost in each of these regions prior
to the onset of morphologic defects in Sey/Sey suggests that
sFRP-2 may be directly regulated by Pax6.
In the developing eye, sFRP-2 is expressed similarly to
Sox2 in the preplacodal ectoderm at E9.5 of development
(Fig. 7D). That this preplacodal expression domain is absent
in Sey/Sey embryos (Fig. 7E) is consistent with a role for
sFRP-2 as a marker of early lens placode formation. How-
ever, in contrast to Sox2, preplacodal expression of sFRP-2
is preserved in the Bmp7 mutant eye (Fig. 7F). An implica-
tion of this finding is that sFRP-2 and Sox2 may represent
early and late phases of preplacodal development, respec-
tively, and that the early (sFRP-2) but not the late (Sox2)
phase of preplacodal development occurs in the Bmp7
mutant eye.
Examination of sFRP-2 expression at subsequent stages of
development reveals that ectodermal and optic vesicle
expression are lost by E10.0 in Bmp7 mutant embryos,
while sFRP-2 is strongly expressed in the wild-type placode
(Figs. 7G and 7I). This suggests that while dispensable for
the activation of early preplacodal sFRP-2 expression, BMP7
signaling is directly or indirectly required for the mainte-
nance of subsequent lens placode expression. These results
suggest a potential model for the role of BMP7 in lens
placode development (see Discussion).
s of reproduction in any form reserved.
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A Potential Genetic Model for Lens Placode
Development
From our data, we propose a model for how Bmp7, Pax6,
Sox2, and sFRP-2 can be integrated into a developmental
FIG. 5. (Left) Pax6 expression is lost in preplacodal ectoderm of B
in the adjacent surface ectoderm (arrowheads) of wild-type embryo
In wild-type embryos at E9.5, Pax6 expression becomes restricted to
However, in Bmp7 2/2 embryos (D), Pax6 is lost in the head ectod
the lens vesicle (lv) and the optic cup (oc) (E), whereas in Bmp7 mut
and overlying ectoderm (arrowheads, F). Scale bar, 40 mm.
IG. 6. (Right) Preservation of Bmp7 ocular expression in Pax6 mu
f Bmp7 in the head ectoderm and the optic vesicle of wild-type (A
f Bmp7 expression in wild-type (C) and Sey/Sey (D) in the head e
ey/Sey perioptic mesenchyme. Scale bar, 40 mm.pathway regulating early lens ontogeny (Fig. 8). That Pax6
Copyright © 1999 by Academic Press. All rightand Bmp7 mutants exhibit phenotypically similar defects
in lens placode formation suggests that these two genes
function together in this process. The observation that in
certain genetic backgrounds eye development in Bmp7
mutants progresses to relatively late stages in oculogenesis
initially prompted us to hypothesize that Pax6 function is
mutants. At E8.5, Pax6 is expressed in the optic vesicle (ov) and
, and both expression domains are preserved in Bmp7 mutants (B).
early lens placode (arrowheads) and persists in the optic vesicle (C).
(arrowheads). In E10.5 wild-type embryos, Pax6 is detected in both
Pax6 expression is absent from both the optic vesicle remnant (ov)
Small eye mice. Sections through the eye at E9.0 show expression
Sey/Sey (B) embryos. Examination at E10.0 shows similar patterns
rm (arrowheads). Some ectopic expression of Bmp7 is detected inmp7
s (A)
the
erm
ants,
tant
) and
ctodeepistatic to that of Bmp7. However, studies in the respec-
s of reproduction in any form reserved.
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184 Wawersik et al.tive mutants indicate that Bmp7 expression in the prospec-
ive placode is maintained in Pax6-deficient (Sey/Sey) em-
ryos, while that of Pax6 is initially present but
FIG. 7. Expression of secreted Frizzled-related protein 2 (sFRP-2) i
is detected in the spinal cord of wild-type embryos (A) and in Bmp
expression of sFRP-2 is preserved in the mesonephric duct (mn) in w
in presumptive lens placode and in the adjacent region of the opt
Sey/Sey ectoderm and optic vesicle (E), but expression persists in t
the lens placode and in the neural layer of the optic cup in wild-ty
of both Bmp7 and Sey/Sey mutants (H, I). Some trapping of probesubsequently lost in Bmp7 mutant head ectoderm. These w
Copyright © 1999 by Academic Press. All rightesults would suggest that Bmp7 functions upstream of
ax6 expression in lens formation.
The most parsimonious explanation for the above results
d-type, Bmp7 2/2, and Sey/Sey mutant eyes. Expression of sFRP-2
2 embryos (C), but is lost in the Sey/Sey mutant (B). In contrast,
ype and in both mutants. sFRP-2 is expressed in wild-type embryos
sicle at E9.5 (arrowheads, D). Expression of sFRP-2 is lost in the
tissues in Bmp7 2/2 (F) At E10.0, sFRP-2 is strongly expressed in
bryos (arrowheads, G) but is absent from the eye-forming regions
sible in the optic vesicle in E and H. Scale bar, 40 mm.n wil
7 2/
ild t
ic ve
hese
pe emould be a linear model in which Bmp7 serves to maintain
s of reproduction in any form reserved.
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a linear model would also be consistent with the finding
that Sox2 expression is lost in both Bmp7 and Sey/Sey
utant ectoderm. However, the existence of a preplacodal
arker, sFRP-2, whose initial expression is Pax6-dependent
but Bmp7-independent is at odds with this interpretation.
This key finding suggests that Bmp7 functions after placode
induction to maintain Pax6 expression in preplacodal ecto-
derm.
These results support the division of lens placode devel-
opment into two steps: an induction phase, when placode
development is initiated in the ectoderm, and a mainte-
nance phase (Fig. 8). Previous experiments have demon-
strated a requirement for functional Pax6 in the ectoderm
to enable response to a lens-inducing signal (Fujiwara et al.,
1994). These studies also showed that Sey/Sey optic vesicle
can induce lens in wild-type ectoderm, indicating that Pax6
is dispensable for the optic vesicle component of lens
induction. Therefore, we suggest that Pax6 and an as yet
unidentified lens-inducing signal combine to initiate pla-
code formation. An early response to this placode-inducing
combination is marked by sFRP-2 expression in presump-
tive placodal ectoderm prior to formation of a thickened
placode. That expression of both sFRP-2 and Sox2 is re-
stricted to the presumptive placode prior to morphologic
FIG. 8. A model for the role of BMP7 in lens placode develop-
ment. Lens placode formation can be divided into two phases,
induction and maintenance. During induction, Pax6 and an un-
known inducing signal from the optic vesicle combine to initiate
preplacode formation in the head ectoderm. This early phase of
preplacode development is independent of BMP7 and marked by
sFRP-2 expression. Not required in the induction phase, BMP7
signaling is necessary to maintain placode development. As sFRP-2
expression is initially present in the Bmp7 mutant, BMP7 signaling
must act downstream of sFRP-2 induction. BMP7 is required for the
late stage of preplacode formation, as indicated by the loss of Sox2
in Bmp7 2/2 embryos. Thus, the Bmp7 mutant allows distinction
between early and late periods of preplacode development. The loss
of Pax6 in Bmp7 2/2 embryos is a consequence of the failure to
reach the late phase of preplacode formation, as feedback signals
serve to maintain Pax6 expression in the placode. The loss of
sFRP-2 in E10.0 Bmp7 2/2 embryos suggests that this feedback
regulation also maintains sFRP-2 expression.thickening of the ectoderm suggests a preplacodal period of s
Copyright © 1999 by Academic Press. All rightlens development in which commitment to a lens fate has
been initiated but a thickened placode is not yet visible.
Our finding that BMP7 signaling acts during lens placode
development and our analysis of the Bmp7 mutant pheno-
type indicate a role for BMP7 prior to lens placode forma-
tion. Because of this, we had initially considered BMP7 a
potential lens-inducing signal. However, BMP7 protein is
distributed throughout a broad region of the ectoderm. If
BMP7 alone were the optic vesicle-derived inducing signal,
one would expect to see protein distributed around the
optic vesicle rather than in the uniform pattern observed in
the head ectoderm (Fig. 2A). Furthermore, the preplacodal
activation of sFRP-2 in Bmp7 mutant embryos suggests that
even though no lens placode ultimately forms, the mutant
ectoderm initially responds to a lens-inducing signal in the
absence of BMP7. Therefore, it appears that BMP7 is not
required during the induction phase of lens placode forma-
tion.
Though we can make no conclusion as to their function,
the distinct behaviors of sFRP-2 and Sox2 in the Bmp7
mutant eye suggest that these genes mark early and late
stages, respectively, of preplacode development. The initial
preservation of sFRP-2 expression in Bmp7 mutant embryos
indicates progression through the early stage of preplacode
development. However, the absence of ectodermal Sox2
expression implies that Bmp7 mutant embryos do not
proceed to the later stages. From these results, we conclude
that BMP7 is involved mainly in late preplacode formation.
Thus, it appears that rather than acting in placode induc-
tion, BMP7 signaling serves to maintain preplacode devel-
opment once formation has been initiated.
The existence of a feedback loop in the maintenance
phase of lens placode development can explain why early
preplacodal expression of sFRP-2 is observed in Bmp7
mutants, but Pax6 expression is lost. It is significant that
Pax6 is present in the Bmp7 mutant ectoderm at E8.5 and
that it is not until around the time when a lens placode
should normally be induced that expression is lost. A
similar loss of ectodermal Pax6 is observed in the absence
of lens placode formation in both Lhx2 and Pax6 mutant
embryos (Grindley et al., 1995; Porter et al., 1997). This has
ed to the suggestion that lens placode development is
equired to maintain Pax6 expression in the head ectoderm,
uggesting that Pax6 may affect its own expression (Grind-
ley et al., 1995). Thus, we interpret the loss of Pax6 in the
mp7 mutant eye to be a secondary effect of the failure of
ate preplacodal development, an idea which implies some
egree of feedback regulation of Pax6 in the developing lens
lacode. The fact that, though initially expressed in the
arly Bmp7 mutant preplacode, sFRP-2 is no longer de-
ected in the ocular ectoderm at E10.0 suggests that through
his feedback, BMP7 is also involved in maintaining the
xpression of other early markers.
Previous analysis of the Bmp7 mutation in other genetic
ackgrounds shows that lens placode development occurs
n the majority of these embryos, but that they exhibit
evere microphthalmia (Dudley et al., 1995; Luo et al.,
s of reproduction in any form reserved.
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186 Wawersik et al.1995). This strain dependence suggests that BMP7 signaling
may act in conjunction with one or more modifiers in
regulating lens placode formation. Significantly, Pax6 gene
dosage is critical to proper eye development (Glaser et al.,
1994; Schedl et al., 1996) and Sey heterozygote mice are also
microphthalmic. This raises the possibility that the mi-
crophthalmia observed in Bmp7 mutants in a 129/Sv back-
ground could also be the result of a defect during the process
of lens placode formation. In this case, loss of BMP7
signaling does not lead to a complete loss of Pax6 in the eye,
but may fail to maintain Pax6 expression at doses sufficient
to sustain normal lens development. The absence or pres-
ence of additional modifiers in C3H/He mice might en-
hance the eye phenotype by further reducing the level of
Pax6 expression. One proposed explanation for such a
dosage effect is the presence of an autoregulatory loop
which maintains Pax6 expression (Plaza et al., 1993; Schedl
et al., 1996). Our results provide further support for such
autoregulation and suggest a critical role for BMP7 in the
maintenance of Pax6 expression levels during lens develop-
ment.
Relationship of BMP7 to Other Regulators of Eye
Development
Recent results suggest that a conserved regulatory hier-
archy operates in both insect and vertebrate eye develop-
ment (reviewed by Halder et al., 1995). The involvement of
MP homologues in patterning the Drosophila eye has been
ell described, and the Bmp2/4 homologue dpp is required
or both induction and propagation of the morphogenetic
urrow (Chanut and Heberlein, 1997; Pignoni and Zipursky,
997a). In addition, mutant alleles of the Bmp7 homolog
0A genetically interact with dpp in imaginal disc pattern-
ng (Wharton et al., 1991; Chen et al., 1998; Khalsa et al.,
998). Combinatorial action by BMPs has also been pro-
osed, either on the basis of heterodimer formation (Israel
t al., 1996; Suzuki et al., 1997) or, in mouse Bmp4–Bmp7
rans-heterozygotes, on the basis of functional redundancy
etween these two genes (Dudley and Robertson, 1997;
yons et al., 1995; Katagiri, 1998). Bmp4 and Bmp7 also
hare partly overlapping expression in the optic vesicle and
ead ectoderm, suggesting that similar possibilities could
perate in the developing eye (Dudley and Robertson, 1997).
ecent work shows that in a genetic background which
llows Bmp4 mutant embryos to survive beyond E10, a
efect in lens induction does occur (Furuta and Hogan,
998). Like BMP7, BMP4 is required for preplacodal expres-
ion of Sox2. The two mutations differ, however, in that
ax6 expression is maintained in and restricted to the
replacode in the Bmp4 mutant. This suggests that Bmp4
nd Bmp7 are not entirely equivalent in their role in eye
evelopment, as the Bmp4 mutant eye appears to progress
eyond the point at which feedback regulation by BMP7 is
equired to maintain Pax6 expression.
Emerging evidence in Drosophila indicates that in addi-
ion to the Bmp genes and the Pax6 gene eyeless, the genes
yes absent (eya), sine oculis (so), and dachshund (dac) also
Copyright © 1999 by Academic Press. All rightegulate eye formation and function in a genetic network
Pignoni and Zipursky, 1997b; Shen and Mardon, 1997).
ouse homologues of eya, so, and dac have been cloned,
nd Eya1 and Six3 are expressed in the developing lens
lacode, suggesting a role in early lens development (Ham-
ond et al., 1998; Oliver et al., 1995; Xu et al., 1997; P.P.,
npublished results). The Bmp7 mutant should provide a
aluable tool to determine whether these genes function in
he early or late phase of lens placode development.
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